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1.0 BACKGROUND

The United States Marine Corps contracted the Nevada Autonotive
Test Center (NATC), under Contract Nunmber NO00167-98-C-0017, to
conduct Devel opnental Testing (DT) of the Logistical Vehicle
Syst em Repl acenent Technol ogy Denonstrator (LVSR-TD) vehicle.
As there was only one LVSR-TD vehicle built, the testing
occurred in and around ot her USMC programmti c denonstrations/
shows, the USMC Early Operational Assessnent (EOA), and the USMC
Measures of Performance(MOP) testing for the Analysis of

Al ternatives (AoA) study. The overall devel opnental test
schedule is shown in Table 1. For the ride quality and
stability testing, an air ride and a hydraulic suspension Rear
Body Unit (RBU) was tested with the LVSR-TD Front Power Unit

(FPU) .

A conpl ete description of the LVSR-TD is contained in the
foll owi ng additional reports and the reader is referred to these
reports for additional information on the truck design and
build. This report discusses the DT and results only.

[1] NATC, “Analysis of Alternatives for the Logistics Vehicle System
Repl acenent (LVSR) Task 1, Interim Report, Literature Review,” NATC
Proj ect Nunber 17859, Prepared for United States Marine Corps, 6 June
2000.

[2] NATC, “Analysis of Alternatives for the Logistic Vehicle System
Repl acenent (LVSR) Task 2, Interim Report, Description of the LVSR R&D
Alternative Truck,” NATC Project Nunmber 17859, Prepared for United States
Mari ne Corps, 30 June 2000.

[3] NATC, “Analysis of Alternatives for the Logistics Vehicle System
Repl acenent (LVSR) Task 3, Country Terrain Analysis,” NATC Project Nunber
17859, Prepared for United States Marine Corps, 30 June 2000.

[4] NATC, “Analysis of Alternatives for the Logistics Vehicle System
Repl acenent (LVSR), Task 4, Calcul ate the Measures of Performance,” NATC
Proj ect Nunber 17859, Prepared for the United States Marine Corps, 30
April 2001.

[5] NATC, “Analysis of Alternatives for the Logistics Vehicle System
Repl acenent (LVSR), Final Report”, NATC Project Nunmber 17859, Prepared
for the United States Marine Corps, 30 Decenber 2002.

[6] Belcher, Gerald J, Bobby Jackson, Colin Ashnore, Miluneh Sine, “Analysis
of Alternatives for the USMC Logi stics Vehicle System Repl acenent, Final
Report” LM Report MO004T2, April 2001.

[7] Belcher, Gerald J, Bobby Jackson, Colin Ashnore, Mil uneh Sinme, “Modeling
and Analysis for the Logistics Vehicle System Repl acement Anal ysis of
Alternatives: InterimReport #1,” LM Report MZX004T1, August 2000.



[8] Logistics Vehicle System Repl acenment (LVSR) Prototype Perfornance
Speci ficati on (DRAFT).

[9] Operational Requirements Docunent for Logistics Vehicle System
Repl acenent ( DRAFT).

[ 10] NATC, “Logistics Vehicle System Repl acenent (LVSR) Safety Assessnent
Report,” NATC Project Nunber 17859, Prepared for the United States Marine
Corps, 6 July 2000.

[ 11] NATC, Logistics Vehicle System (LVS) Signature Data”, NATC Project Nunber
20513, Prepared for the United States Marine Corps, 30 January 2003.

[ 12] NATC, “Sunmmary Report LVS Mod Denp Vehicle Arnor Protection Kit
Installati on”, NATC Project Nunber 17859, Prepared for Naval Surface
Warfare Center, 30 August 2001.

Table 1

LVSR Schedul e of Events After Vehicle Build and Checkout
ECA — Early QOperational July 24 — August 2, 2000
Assessnment — Qperator’s
Portion
ECA — Early QOperational August 3 — August 11, 2000
Assessment — Maintainer’s
Portion
Schedul ed mai nt enance of August and Sept enber, 2000
vehi cl es after ECA
LVSR- TD, Raydan and Oct ober 2000 — February 2001

Hendri ckson performance, ride
quality, stability and nodel
val i dation testing

Fuel Econony Late February — Early March
2001
Envi ronnent al Chanber, March — June 2001

Transportation Synposi um
Canp Pendl eton, CA and
Congressional Day, Quanti co,
VA

Durability/ RAM D Testi ng Late June to August 2001
Instrunmentation for Full Load |Late August 2001

Cool i ng
Ful | Load Cool i ng Test Lat e August - Septenber 2001
Prepare vehicle for shipnent Early Septenber 2001, Modern
to USMC Quantico facility for |Day Marine cancell ed

Modern Day Mari ne EXpo
Prepare vehicle for shipnent Early QOctober 2001, AUSA show
to Arnmy AUSA show cancel | ed

USMC Personnel Training at Novenber 2001

NATC and Ship LVSR-TD to
Quantico, VA




2.0 EXECUTI VE SUMVARY

The LVSR-TD supported the devel opnment and refinement of the
draft Operational Requirenents Docunment (ORD) and the draft
Performance Specification for the LVSR program Mich of the
LVSR devel opnental testing data are contained within these
docunents. This report presents the results of the major LVSR
devel opnental tests and perfornmance neasurenents. The LVSR net
t he performance requirenments of the draft Perfornmance
Specification as sumrmarized in this report.

3.0 OBJECTI VES

The objectives of these tests were to verify that the LVSR neets
critical technical paraneters outlined in the draft ORD for the
LVSR program A second objective was to assist the programin
validating the draft Performance Specification requirenents.

The LVSR DT consisted of the following series of tests:

e 2,000 mle accelerated RAMD test

e Limted FWSS 121V brake certification test
* Environnmental chanber cold roomtest

* Full load cooling

* Ride quality

 Fuel econony

« Performance testing

« Stability and handling

4.0 Tl RE PRESSURES

The tire pressures in Table 2 were used throughout the LVSR- TD
testing. These pressures were also programmed into the Central
Tire Inflation System (CTIS) controller. Wen the alternate
Raydan and Hendrickson RBUs were tested, these sane tire
inflation pressures were used.



Table 2
Tire Pressures for the LVSR-TD Testi ng

Full| Payl oad (22.5 Tons) | Hal f Payl oad (18 Tons) Enpt y
Axl es
Axl es #1/2 #1/ 2 Axl es #1/2]Axl es #3-
Terrain Speed 7, 250 Axl es #3-5 7,323 Axl es #3-5 6, 780 5 4,133
Ib/tire 10, 787 Ib/tire |9,620 Ib/tire] Ib/tire Ib/tire
(PSI) Ib/tire (PSI) (PSI) (PSI) (PSI) (PSI)
Hi ghway 65 50 84 50 68 50 30
Cross- Country 45 26 58 26 47 26 19
Mul ti-Terrain 30 14 32 14 25 14 12
Snow | ce 25 14 32 14 25 14 12
Deep Mud 20 14 32 14 25 14 12
Sand 20 13 23 13 20 13 9

The only exception to the above tire pressures were a slight
variation for the tilt table stability testing. The tire
pressures were increased to reduce the tire deflection during
the tilt table evaluations (Table 3).

Tabl e 3
Tire Pressures for the LVSR-TD Tilt Table Testing

Hal f Payl oad (18 Tons)
Axl es
_ #1/ 2 Axl es #3-
Terrain 7,323 5 9,620
[b/tire [b/tire
(PSI) (PSI)
Hi ghway 60 90
Cross-Country 48 62

5.0 VEHI CLE WEI GHTS

Tabl es 4 through 6 show axl e-by-axl e weight distribution for the
LVSR-TD at curb wei ght and two payl oaded wei ght confi gurations.
The Cross-Country Gross Vehicle Wight (CCGVYW payl oad was 18
tons (Table 5). The Hi ghway G oss Vehicle Wight (HGYW payl oad
was 22 tons (Table 6). In Tables 4 through 6, axles 1 through 5
are front to rear axles, respectively. The weights were
designed to best sinulate a 16.5 ton payload on a 1.5 ton MLO77
flatrack (CCGYW and an | SO contai ner weighing a total of 22
tons (HGYW. The LVSR-TD had the current MK-18Al1 Load Handli ng
System (LHS) installed and no changes were nade to the LHS.

Payl oad adjustnments were made for the Front Lift Adapter (FLA)
as it was assuned that an FLA would not be required on the final
design of the LVSR-TD and intelligent LHS.



LVSR-TD Curb Wei ght,
(This includes the FLA connected to the MK-18Al hookarm

Ful |

Tabl e 4
Fuel , Full

No Operator/Crew

AXLE LEFT Rl GHT TOTAL

(Pounds) ( Pounds) ( Pounds)

1 7, 090 6, 830 13, 920

2 6, 900 6, 300 13, 200

3 5,470 5,120 10, 590

4 3, 880 3, 900 7,780

5 3, 650 2,780 6, 430

TOTAL 26, 990 24,930 51,920

Table 5
LVSR- TD 18- Ton Payl oad, Full Fuel, Full

(Payl oad was an | SO Cont ai ner
a 1.5 Ton Fl atrack -

No Operator/Crew
Payl oaded to Sinulate 16.5 Tons on
24 inch high CGQ

AXLE LEFT Rl GHT TOTAL

(Pounds) ( Pounds) ( Pounds)

1 7, 380 7, 160 14, 540

2 7, 330 7,420 14, 750

3 9, 510 9, 820 19, 330

4 9, 440 9, 800 19, 240

5 10, 010 9, 140 19, 150

TOTAL 43, 670 43, 340 87,010

Table 6
LVSR- TD 22- Ton Payl oad, Full Fuel, Full

(Payl oad was an | SO Cont ai ner

No Operator/ Crew
Payl oaded to 22 Tons - 48 inch

hi gh CQG

AXLE LEFT Rl GHT TOTAL
(Pounds) ( Pounds) ( Pounds)

1 7,070 7,090 14, 160

2 7,610 7,230 14, 840

3 10, 810 10, 480 21, 290

4 10, 510 10, 900 21, 410

5 11, 730 10, 290 22,020
TOTAL 47, 730 45, 990 93,720




6.0 FUEL AND LUBRI CANT

Throughout the testing, performance tests were run on diesel
fuel (DF-2) and the RAMD test was run on JP-8 fuel. The one
exception was the cold room performance test, which was run on
JP-8 inlieu of switching to an arctic grade fuel. Table 7
sumari zes the fuel type used for the various tests.

Addi tional ly, ExxonMbile Delvac 1 was used in the single

| ubricant, single reservoir systemthroughout the testing.

Table 7
Summary of Fuel Used For LVSR-TD Testing
Test Fuel

EQA/ AOA Testing Di esel (DF-2)
Ride Quality D esel (DF-2)
Stability D esel (DF-2)
Accel eration Di esel (DF-2)
Maxi mum Speed D esel (DF-2)
Ful | Load Cooling D esel (DF-2)
Col d Room JP-8
Accel erated RAM D JP-8

No anomalies occurred using either the JP-8 fuel or the
synthetic Delvac 1 synthetic oil. The powertrain design of the
LVSR-TD val i dated the performance requirenments related to
reduced logistic footprint. The use of a single fuel and single
| ubricant was val i dated.

7.0 RAM D TEST

An accelerated reliability, availability, maintainability and
durability (RAMD) durability test was conducted on the LVSR-TD
fromJune to August 2001. The 2,000 mle accel erated RAM D test
was designed to determne the predicted systemreliability of

t he LVSR-TD agai nst the established m ssion profile. The

pur pose of the accelerated durability test protocol was to
determ ne the vehicle' s response to the rough off-road terrains
and ot her environnents to which the vehicle would be exposed.

Primarily, the design of the accel erated RAM D eval uati on was to
determ ne the capability of the LVSR-TD to neet the perfornmance
and reliability objectives when operated for over 20,000 mles
of the LVSR 40/30/20/10 mssion profile. The durability testing
was conducted over a range of test course roughness |evels that
accelerated the fatigue portion of the mssion profile 10:1
(1.e., 2,000 test mles equals 20,000 mssion profile mles).



This accelerated test design led to a test scenario nore closely
aligned with the MIVR m ssion profile of 10/20/30/40. However,
no course was rougher than the mssion profile of the LVSR-TD
within the USMC scenari os.

Unofficially, the LVSR-TD had approximately 13,000 m | es
accunul ated on the vehicle before the RAMD testing was
initiated. This mleage was nostly off-hi ghway operation in
support of the EOA, Ao0A, nunerous denonstrations, ride-quality
and performance testing. Although not part of the RAMD

eval uation, this mleage assisted in the validation of the
powertrain and rotational conponents on the LVSR-TD.

7.1 RAM D Test Specifications

The “Durability” paragraph of the draft Performance
Specification states "Each variant shall denonstrate no major
conponent durability failure during its first 20,000 mles of
operation. Major conponents include the engine, transm ssion,
transfer assenbly (if used), frane, axle assenblies, and | oad
handl i ng system A durability failure is defined as the need
for replacenment or overhaul of a major conponent”.

The “Duty Cycle/ M ssion Profile” paragraph of the draft
Performance Specification states "The follow ng definition
describes the LVSR duty cycle/mssion profile. Unless otherw se
speci fied, performance shall be denonstrated on surfaces such
that 40%is conpleted on Inproved Hard Surface Roads, 30% on

| nproved Gravel Roads, 20% on Uni nproved Surface Trails, and 10%
Uni nproved Surface Cross-Country. The Governnent has defined
duty cycle/m ssion profile percentages and RVMS val ues for

surface roughness”.

The “Reliability” paragraph of the draft ORD and Performance
Specification states “Each variant shall denonstrate a m ni mum
Mean M| es Between Operational M ssion Failure (MVBOW)
reliability of not less than 4,000 mles of operation
(threshold), 6,000 mles (objective)”.

7.2 RAM D Initial |Inspection

Prior to RAMD test initiation, the LVSR- TD recei ved a detail ed
initial inspection. As the RAMD was one of the |ast tests
conpleted on the LVSR-TD, the inspection was used to identify
any conditions that would require repair or replacenent prior to
test initiation. As part of the initial inspection, the vehicle
was re-weighed to verify the axl e/ wheel |oading at curb vehicle
wei ght (CYW and at CCGVW



During the inspection, no najor anonalies were noted. The
nunber one and five axles had blown CTIS seals and the front
CTIS controller was repl aced.

7.3 RAM D | nspecti ons

During RAM D shift operations, the test vehicle received pre-
shift and post-shift inspections by the vehicle

oper at or/ mai nt enance technician. After every shift, the vehicle
recei ved a bunper-to-bunper inspection by a test vehicle

mai nt enance technician and engi neering support staff. During
this inspection, any repairs or conponents that required

repl acenent were docunented. All of the incidents observed by
the test vehicle operator/ mintenance technician and test

engi neer were docunented in the test vehicle log. A
representative copy of an operator’s driver |og docunenting one
shift of operations is provided in Appendi x A

When conditions that mght require test vehicle nodifications
wer e observed, the USMC was notified. Any changes to vehicle
configuration due to devel opnents during the durability
operations were docunent ed.

7.4 RAM D Vehi cl e Wei ght Configuration

One hundred percent of the RAMD testing was perforned with the
LVSR-TD at the CCGYWin Section 5.0 at the tire pressures
specified in Section 4.0 for 18 tons.

7.5 RAM- D Test Procedures
7.5.1 RAM- D | nstrunent ati on

Prior to test initiation, the LVSR-TD was equi pped with a NATC
desi gned on-board data acquisition systemcalled the Solid State
Vehi cl e Recorder (SSVR). Acceleronmeters were installed at the
left front axle, left rear axle and the base of the driver's
seat. The SSVR recorded vehicle speed and accel erati ons during
RAM D operations. A representative copy of an SSVR pri nt out
docurenting one shift of operations is provided in Appendi x A

7.5.2 RAM D Test Operations

One shift of 10 hours each was schedul ed Monday through Friday.
The shift was schedul ed to depart at 0800 hours. Between 0600
and 0800 the vehicle was inspected (PMCS), fuel ed and mai nt ai ned
as required. Any anonalies noted by the test vehicle



oper at or/ mai nt enance technician were annotated into the
vehi cl e's | ogbook.

The test course was structured so that each shift of operation
woul d i nclude representative segnents of terrain specified in
the LVSR mi ssion profile, except for paved road. A Test

Engi neer perfornmed baseline test operations. The purpose was to
profile the test course for segnent mles, tines, and
appropriate safe and representative operating speeds for each
segnent. Included in this data were gear positions,

differential nodes, segnent tines, maxi mum and average speeds,
CTI S settings and other pertinent information for safe and

consi stent test course operations. Test operation profiles were
est abl i shed in the CCGYW node.

The data fromthese profiles were used to prepare Route Logs for
the test vehicle operator. The operator was instructed to
operate the vehicle in accordance with the details of the route
log. A copy of the route | og has been provided in Appendi x D.
At each significant terrain change, the driver was required to
record the clock time and odoneter reading. These | ogs,
conbined with the data fromthe SSVR, were used to nonitor the
driver's performance and provide the Test Engineer with test

m | es and average speeds on each terrain type. The odoneter in
the test vehicle was used as "event markers" for begi nning and
end of shift, test incidents, etc. However, all test mles
accunul ated were based on the actual mles accunul ated under the
route and driver's log format as processed. Slight differences
bet ween the accunul ated test mles and the odoneter mles
occurred due to operation of the LVSR-TD for non-test events or
denonstrati ons.

Each shift of test operation for the vehicle was docunented with
a driver's log and SSVR chart. Route deviations, where
required, were docunmented as to route, tinme, and mles on the
driver's log. Driver's logs and SSVR charts were processed on a
daily basis. The processed information was posted to conputer
spreadsheet nmaster logs as well as logs detailing the mles and
ti mes accunul ated by course type. A sunmary of the test m | eage
and terrain type is listed in Appendi x E.

Any equi prent mal functions that occurred during testing were
recorded in the test log. 1In accordance with USMC instructions,
TIRs were not required for the LVSR RAMD testing.

Docunent ati on of failed conponents, systens included:

 Component/system nonencl ature and part nunber (if known)
e Test mles on conponent/system



* Seriousness of failure regarding down tinme, mssion
conpletion, etc.

* Reason for failure and circunstances under which the
failure occurred

» Corrective action taken
* Reconmendations for preventative maintenance
» Location of failed conponent

7.5.3 RAM D Test Courses

The test director determned the m x of courses to equate to a
10: 1 acceleration factor. Profiles of the test course for
segnent m | eage, tinmes and appropriate safe speeds for each
segnment were devel oped. Course speeds were determ ned based on
subj ective evaluation of ride quality and performance.

The course was devel oped to match the terrain/mssion scenario
mx listed in the LVSR draft Performance Specification. The
accel erated test included portions of the follow ng NATC courses
(Tabl e 8).

Tabl e 8
NATC Test Courses Used For RAM D Testing

Road Nane/ Type NATC Cour se Nane

G avel Access Roads

G avel Oval

Perryman | Access Roads

Perryman 1l to North Butte

Shop to Tank Course (River
Cr ossi nQ)

Churchill Canyon

Forest Service Loop

Perryman |1 Adri an Vall ey
Perryman |11 Perryman 111
Bel gi an Bl ock Bel gi an Bl ock
Sand Sandwash | — 111
Sand Ser pentine
Churchville B Tank Course
Bul | Canyon
North Butte

Battlefield Loop

Susan’s Bl uff
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7.5. 4 RAM D Test Results

The RAM D testing began on 26 June 2001. The odoneter reading
in the vehicle was 2,982.5 at the onset of the test. The

phot ographs for the RAMD test are contained in Appendi x B,
Phot ogr aphs 20238- 001 t hrough 20238- 008.

The vehicle conpleted 2,001.6 test mles with an 18 ton payl oad
consisting of a twenty-foot |SO contai ner

The LVSR-TD net the durability and reliability requirenments of
the draft LVSR Perfornmance Specification. During test conduct,
no mssion failures occurred. The LVSR-TD incidents during RAM
Dtesting were as follows. Appendix F contains a ful

mai nt enance log for the RAMD test.

e Failed #4 to #5 axle driveline. Ujoint determ ned bad.

* Repl aced out put yoke (#4 axle), U joint and rear slip yoke.
The rear slip yoke cracked when it hit the ground during
repl acenent .

 Eight Cdass 1 to Cass 3 leaks. Mst were at the transm ssion
prot ot ype val ve body stackups and rear output shaft housing
t hat were known non-production intent itens.

e Thirteen flat tires - function of the test course roughness,
not of the vehicle design.

e Failed two shocks on FPU and replaced two others due to | ack
of danmping. No RBU shock failures. NATC expected to replace
front shocks as these were MIVR shocks and |ight on danpeni ng
for the LVSR axl e wei ghts.

* Failed solid state relay in CAPSTART system
e Cracked radi ator hose — rewel ded.

» Loosening of steering gear box at #2 axle (retorqued nunerous
times). It was replaced at the end of test.

7.6 RAM D Concl usi ons
The LVSR-TD net the durability and reliability requirenents in

accordance with the draft Performance Specification and draft
ORD.
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8.0 BRAKE APPLY AND RELEASE TI M NG AND STOPPI NG DI STANCE
RESULTS

The LVSR-TD was subjected to a partial FMWSS 121V braki ng

eval uation to eval uate stopping distances and apply and rel ease
timng. As part of the test, apply and release tines, stability
and control, and straight |ine stopping evaluations were
performed. All portions of the test were performed with the
LVSR-TD fully loaded with its HGYVWrating (22 tons).

The LVSR-TD net the stopping distance and parking brake

requi renents at 22 tons (Table 9). The LVSR-TD net the
apply/release timng requirenents of FWSS 121. Axles nunber 1
and 4 were instrunmented and nmeasured for apply and rel ease
timng, as it was known that axles 2 and 3 woul d be between
these tines based on air line routing.

Table 9
Brake Test Apply and Rel ease and Stopping Di stance Data

Apply and Rel ease Tim ng (Seconds)

FMWSS 121 LVSR- TD #1 LVSR-TD #4
Requi r enent Axl e Axl e
(nBec) (mBec) (mBec)
Apply 0.50 0.268 0. 406
Rel ease 1.00 0.299 0. 543
St oppi ng Di stance (Feet)
FMWSS 121 LVSR- TD
Speed Requi r ement Avg
(ft.) Di stance(ft.)
30 MPH 89 81.0
35 MPH 121 101.5
40 MPH 158 129.5
60 MPH 179 148.5

The stability and control
radi us wet asphalt surface.

eval uati on was conducted on a 500 f oot
This portion of the braking

eval uati ons was performed on the low friction coefficient

surface,
Al'l brake stops were within the 12 foot

| ockup.

each run increasing in speed and ending at 27.5 MPH
| ane without tire

The LVSR-TD parki ng brakes held the vehicle on a 40% grade at
t he HGVW
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9.0 ENVI RONVENTAL EVALUATI ONS

The LVSR-TD was subjected to a cold room environnental chanber
eval uation. A functional test was perforned after the vehicle
stabilized at -25 degrees F (Reference Photograph Nunbers:
20238- 009 t hrough 20238-013). The cold room eval uati on was
performed at —-25 degrees F. A schedul ed 125 degree F hot room
eval uati on was delayed and time did not allowit to be
rescheduled. During this test, the LVSR-TD was eval uated to
ensure that all functions operated properly.

9.1 Environnental Test bjective

The objective of this test was to determne the limts of the
vehicle as a function of extrene tenperature.

9.2 Envi ronnental Test Procedure

In preparation for the test, the engine oil was not changed as
the vehicle ran synthetic Delvac 1 oil during the entire
performance testing. The fuel was changed to JP-8.

St orage tenperatures can be substantially bel ow the standard
anbi ent conditions. These tenperatures can adversely affect
seal s and materials. In accordance with M L-STD 810F, Mt hod
502. 4, the vehicle was exposed for a 24-hour soaking cycle at
-25 degrees F. Low tenperature startup operational tests were
performed at —-25 degrees F.

When the vehicle stabilized at the required tenperature
conditions, the operating evaluations were initiated. The
operational integrity of the powertrain, brakes, engine,

el ectrical conponents, etc. was anal yzed for evidence of

mal function, performance degradation and/or failure at the | ow
t enper at ure.
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9.3 Envi ronnental | nstrunentation

The instrunentation utilized for the environnental chanber
eval uati on consi sted of the channels in Table 10.

Tabl e 10
Envi ronnment al Chanber | nstrunentation
Channel No. Locati on Units
1 Chanber Tenperature Deg F
2 Chanber Rel ative Hum dity % RH
3 Chanber Rel ative Hum dity % RH
4 Chanber Tenperature Deg F
5 Hydraulic Q| Tenperature Deg F
6 Radi at or Tenperature Deg F
7 Rear Differential Deg F
Tenper ature
8 Front Differenti al Deg F
Tenperat ure
9 Transm ssi on Sunp Deg F
Tenper at ure
10 Q|1 Sunp Tenperature Deg F
11 Cool ant Qut Tenperature Deg F
12 Cool ant I n Tenperature Deg F
13 Fuel Tenperature Deg F
14 Capaci t or Anper age Anps
15 Capaci tor Vol tage Vol ts
16 Al ternator Voltage Vol ts
17 Al t er nat or Anper age Anps

The sanpling rate was set at one sanple every five mnutes
during the vehicle soak. While operating the vehicle, the data
was col |l ected at one sanpl e/ second.

9.4 Envi ronnent al Chanber Test Conduct/Results

The environnmental chanber test was conducted in March and Apri
2001. The above instrunentation was installed. The first -25
degree F cold test was started on 29 March after a 24-hour cold
soak. The first attenpt at the —-25 degree F cold start resulted
in a dual failure of the starter, the starter solenoid and a
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solid state relay in the LVSR-TD prototype capacitive starting
( CAPSTART) system

It was determned that the solid state relay failure was due to
either a failure in the starter solenoid or in the CAPSTART

di ode assenbly. The starter was stuck in the engaged position,
causing high tenperatures on the wires, assenblies and solid
state relays in the system A CAPSTART di ode assenbly al so
failed during the course of this conponent failure. The relay
and a diode were both replaced. The diode was replaced with a
| ar ger conponent. Both relay and di ode operated normal |y

wi t hout further incidence for the rest of the LVSR-TD testing.

After replacenent of the starter and CAPSTART solid state relay
and di ode conponents, the LVSR- TD was transported to the USMC
Transportation Synposiumin Canp Pendl eton, California from
April 9-11, 2001. Upon the return fromthe Transportation
Synmposi um the vehicle was re-instrunented for the cold room
testing. A schedul ed 125 degree F hot room eval uati on was

del ayed so that the —-25 degree F cold roomtest could be
repeated. After the second cold roomtesting, the LVSR-TD was
transported to Quantico, VA for a Congressional Day
denonstration

The second -25 degree F cold test was started on 18 April after
a 24-hour cold soak. During the first attenpt at —-25 degree F
the engine attenpted to start, ran for five seconds and then

di ed. The CAPSTART system was connected through a NATO sl ave
cable to recharge the capacitors to 28 volts. The NATO sl ave
cabl e was connected to a 200-anp supply froma HWW par ked
outside the environnental chanmber. Upon the second attenpt, the
engi ne started and the LVSR-TD operational checks were
initiated.

During the -25 degree F operations, it was found that the
chargi ng system was not hol ding the capacitor voltage at 28
volts. It was determned that the alternator regulator had a
safety shutdown feature designed to protect the charging system
and associated wiring when a short circuit or excessive current
conditions exist. This issue caused the no charge condition
(i.e. the alternator not sourcing current and recharging the
capacitors). The manufacturer was contacted and a new 28V
regul ator was designed and built which addressed this issue.
This alternator was never installed and retested at the -25
degree F condition.
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The LVSR-TD incorporates flat panel displays that were part of
the environnmental evaluation at -25 degrees F. It was found
that the flat panel displays canme online with initial power on
but went off-line while the vehicle was cranking. Upon
starting, the flat panel displays functioned normally. However,
it was found that the flat panel displays dropped out at 17

vol ts when the charging systemwas not able to maintain the
required charging voltage. This was a feature of the CAPSTART
system whi ch shuts down less critical loads to prioritize power
to the mssion critical conponents. This CAPSTART | oad sheddi ng
mechani sm operated normally in the environnental chanber. Al

ot her operational checks were perforned with the NATO sl ave
cabl e connected between the HUWMV and the LVSR-TD to supply the
requi red 28 volts.

Thi s chargi ng anomaly precluded NATC from eval uati ng and
quantifying the rapid warmup feature of the LVSR-TD single

| ubricant, single reservoir system conbined with the hydrostatic
retarder. NATC attenpted to validate this rapid warmup feature
on 19 April after another 20 hours of cold soak at —-25 degrees F
but was unsuccessful due to the alternator anomaly.

9.5 Envi ronnent al Chanber Concl usi on

Based on the above results, it was concluded that the vehicle
performed as intended at the | ow tenperature operating
conditions given the installation of a nodified alternator and

t he redesign of the CAPSTART relay and diode. The hot room

eval uati on was not conducted due to scheduling conflicts and the
hi gher priority test requirenents to conduct RAMD and full | oad
cooling testing before the LVSR-TD was shi pped to Quantico, VA

10.0 FULL LOAD COOLI NG

The full load cooling evaluation was perforned to determne if
the LVSR-TD was in conpliance with the “Cooling Systent

par agraph of the draft Perfornmance Specification, which states
that the cooling systemshall be capable of limting all vehicle
fluids to the operating tenperatures reconmended by the
conmponent manufacturers while operating in the vehicle's
operating tenperature range under the follow ng conditions:

1. Continuous tractive effort equal to 60% of CCGVW at
anbi ent air tenperature of 125°F.

2. Any other road |oad condition within the m ssion profile
to include inproved road payl oads.
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The LVSR-TD CCGVYW was specified at the design target of 82,000
pounds. Therefore, the net 0.6 tractive effort val ue would be
49, 200 pounds of drawbar pull. Three tests were run at tractive
effort values of 10% 30% and 60%

10.1 Full Load Cooling Criteria

Full load cooling was perforned in increnental steps up to the
maxi mumtractive effort specified. Test operation was at w de
open throttle against a nobile dynanoneter (s). The | owest gear
avai | abl e was selected on a |l evel hard surface wth a
coefficient of tractive effort high enough to sustain the

antici pated drawbar val ues w thout gross tire slip.

Testing was not to be conducted if continuous wi nd velocity
exceeded 7 MPH. Testing was conducted in greater than 70 degree
F anbi ent tenperature (due to the higher solar |oad and the
smal |l er delta between the actual tenperature and the values to
whi ch the tenperatures were to be corrected). A one-to-one
correction in tenperature was used to correct the data to a 125
degree F anbient.

The test operation at the respective tractive effort val ue was
to continue until each conponent or fluid tenperature reached
stabilization. A fluid/conponent was considered stabilized
after no less than ten m nutes had el apsed during which tine the
tenperature of that fl uid/conponent had not varied greater than
+ 5°F. The test was term nated when all conponents of interest
had stabilized or a critical conponent had exceeded its maxi num
speci fied tenperature. The maxi numtenperatures permtted by

t he engi ne and transm ssion manufacturers for the applicable
fluids are shown in Table 11.
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Tabl e 11
Maxi mum Perm tted Tenperat ures
from Vendor Reconmendat i ons

Ol or Coolant Fluid

Maxi mum Tenper at ur e

Cool ant fluid in radiator top 230°F
t ank
Cool ant fluid out of radi ator <215°F

Engine G| in Sunp

275°F (300°F Absol ute Maxi mum

Torque Converter Qut

275°F (300°F Absol ute Maxi nmum

Ol Tenperature Qut to Heat

300°F

Exchanger

Ol in Dfferentials 300°F

Fuel Tenperature 150°F

Tur bo Exhaust 1200°F (1300°F Absol ute
Maxi mum

Ol in Power Steering 300°F

Al tractive effort values were based on the desi gned CCGYW of

82, 000 pounds.

Using the tractive effort formula, T.E. x GW =

Net Drawbar, Table 12 was used to determne the tractive effort
val ues to be run and the equival ent continuous grade.

Table 12
Tractive Effort Val ues

Tractive Pounds Resul t ant Equi val ent
Effort Net Dr awbar G adeability

(%

20 8, 200 20.4
30 16, 400 31. 4
40 32, 800 43. 6
50 41, 000 57.6
60 49, 200 75.0
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10. 2 Ful | Load Cooling Test Procedures
10. 2.1 Ful | Load Cooling Test Preparation

The LVSR-TD was re-wei ghed payl oaded to the cross-country
specification with 18 tons. Tables 4 and 5 show the vehicle
wei ght s.

Al'l critical fluids were drained and refilled in accordance with
conponent manufacturers’ recommendations. A 50/50 ethyl ene

gl ycol coolant mx was verified in the radiator. As stated in
the prelimnary lubrication order, a nulti-viscosity synthetic
oi | (ExxonMbbi |l e Del vac- 15W40) was used to fill the single oi
reservoir (engine, transm ssion, steering, fan, etc.).

Test instrunentation was installed on the vehicle. Table 13
lists the instrunentation install ed.

Wth the exclusion of the turbo exhaust, all tenperatures were
measured with type “T” thernocoupl es (copper and copper-nickel).
The turbo exhaust tenperature was neasured with a type “K’

(ni ckel -chrom um and ni ckel -al um num) thernocouple. Al

t her nocoupl es were calibrated against a reference prior to use,
first in an ice bath and then in an oil bath through several
points in their expected range of neasurenent. The coolant flow
rate was recorded using a Sponsler flow transducer with an
accuracy of + 2% RPM data was recorded fromthe DDEC |V
software on the vehicle. Speed was recorded using an ADAT radar
speed transducer. Drawbar | oad was neasured with a Strainsert,
125, 000 pound strain gauge load cell, with an accuracy of = 1%
of full scale, nmounted in the drawbar cabl e between the test
vehi cl e and the nobil e dynanmoneter(s). Al the above data were
recorded on a MEGADAC digital data acquisition recorder. Full

| oad cooling instrunmentation occurred in August 2001 with the
data channels listed in Table 13.
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Tabl e 13
I nstrunentation Installed on LVSR-TD For Full Load Cooling Test

Channel Location I n Units

1 SPEED MPH
J1939 ENG NE RPM RPM
J1939 COOLANT FLOW GPM

2 AVBI ENT RADI ATOR Alr °F

3 CENTER OF RADI ATOR ABOVE FAN Alr °F

4 Rl GHT RADI ATOR Air °F

5 FRONT RADI ATOR Alr °F

6 LEFT RADI ATOR Air °F

7 REAR RADI ATOR Air °F

8 CHARGE Al R COOLER (CAC) I NTO COOLER Air °F

9 CHARGE Al R COOLER (CAC) OQUT FROM COOLER Air °F

10 RADI ATOR COOLANT IN Fluid °F

11 RADI ATOR COOLANT QUT Fluid °F

14 ENG NE O L SUWP Fluid °F

15 TORQUE CONV QUT TO HEAT EXCHG Fluid °F

16 AL QUT FROM HEAT EXCHG Fluid °F

17 AXLE#3 DI FFERENTI AL Fluid °F

20 TURBO EXHAUST Alr °F
DRAVBAR LOAD LBS

AMVBI ENT Air °F

A second readout of ambient tenperature was recorded during the
test using NATC s weat her station data at the paved test
facility.

10.2.2 Ful |l Load Cooling Test Conduct

After the instrunentation process, all fluids were verified to
be at their proper |evels.

Full load cooling was to be perfornmed in increnental steps up to
60% of vertical load. Using the specified design target CCGVW
of 82,000 | bs., the specified drawbar val ue at 60% woul d be
49,200 I bs. Test operation was to be at w de-open throttle, in
the | owest gear avail able. Depending upon the |evel of tractive
effort desired, speed would be adjusted to reflect the required
dr awbar .

The LVSR-TD, payl oaded to CCGVW payl oad, was connected to the
nmobi | e dynanoneter(s) through a drawbar cable and appropriate
capacity load cell. The vehicle was then operated in the | owest
appropriate gear at w de-open throttle to achi eve the desired
drawbar value. The nobil e dynanoneter provided the resistance
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as neasured through the tension load cell. The test continued
in this node until tenperature stabilization was reached in each
fluid or a particular conponent reached its critical
tenperature. A conmponent was considered stabilized after no

| ess than ten m nutes had el apsed during which tine the
tenperature of that conponent had not varied nore than = 5°F
after correcting for anbient tenperature change. The test was
term nated when all conponents of interest stabilized or a
critical conponent exceeded its maxi num specified tenperature.
The tests were conducted at NATC s paved 1.8 mle oval test
track.

10.2.3 Ful | Load Cooling Data Anal ysis Procedures

Al fluid tenperature data were processed either by correcting
to the specified anbient tenperature of 125°F., or, in the case
of the coolant only, air-to-boil, which is the extrapol ated
tenperature at which the coolant would boil. This latter nethod
of treatnment relates only to the cool ant boil point and

i ndi cates how far the cooling systemis fromboiling under the
condition of test. The boiling point of the coolant is derived
based on the level of the pressure cap and the type of cool ant.
In the instance of the LVSR-TD, the coolant m xture was 50%

et hyl ene glycol and 50% water. The pressure cap on the cooling
systemwas rated at 9 pounds. The values used for cool ant
boiling points were derived fromFigure 5-1 of AMCP 706- 361
Engi neeri ng Desi gn Handbook, M litary Vehicle Power Pl ant
Cool i ng, Headquarters, US Arny Materiel Command, June 1975.
Wth the nom nal 9 pound pressure cap, the boiling point of a
50/ 50 coolant m x woul d be 251°F. Figure 1 bel ow reproduces
this chart.
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Cap Pressure vs. Boiling Point
at Sea Level
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Figure 1
Cap Pressure vs. Boiling Tenperature
(At Sea Level)

Cool ant tenperatures were also to be corrected for altitude.

The source for the altitude correction was SAE J1393, On-Hi ghway
Truck Cooling Test Code, which permts a 2°F to 4°F correction
in tenperature per 1,000 feet in altitude when the test is
conducted 500 feet above sea level. The test altitude for NATC
is 4,200 feet above sea level. The maxi num correction, or
16.8°F, can be used in all calculations. The rationale for this
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is that as altitude increases, air density decreases and reduces
engi ne and cool ing system performance. Therefore, these factors
must be taken into consideration during analysis of cool ant

val ues achi eved.

Cool ant tenperatures were corrected using the foll ow ng
f or mul ae:

1. Corrected Tenperature for Fluid O her Than Cool ant:
CT = FT + ST - AT

2. Corrected Cool ant Tenperature with Altitude Conpensati on:
CT = FT - AC + ST - AT

3. Air-to-Boil with Altitude Conpensati on:
ATB = AT + CB - (FT - ACQ)

Correction To A Specified Anbient Key:

CT: Corrected Tenperature

FT: Recorded Fluid Tenperature

ST: Specified Anbient Tenperature (125°F.)
AT: Anbi ent Tenperature

AC. Altitude Correction (4°F per 1000 feet)

Air-to-Boil Key:

ATB: Air-to-Boi

FT: Recorded Cool ant Tenperature

ST: Specified Anbient Tenperature (125°F.)
AT: Anbi ent Tenperature

AC. Altitude Correction (4°F per 1000 feet)
CB: Cool ant Boil Tenperature

10. 2.4 Ful | Load Cooling Test Results

Begi nni ng on 30 August 2001 and continui ng through 10 Septenber
2001, a total of seven evaluations were perfornmed to determ ne
the m nimum threshold at which the systemwould cool. The

eval uations varied between 10%tractive effort incrementally up
to 60%tractive effort. The 60%tractive effort test was
repeated a second tinme to neasure fuel tenperature differences.
The full load cooling data is provided in Appendi x C.
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Tables 14 to 17 summari ze the tenperatures,

corrected to 125°F,

whi ch were recorded at the 10% 30% and 60% tractive effort

| evel s.

Tabl e 14

Ful | Load Cooling Paraneters at 10% Tractive Effort

Corrected to 125 Degree F Anbi ent

30 Aug 2001
Maxi mum Avg Maxi nmum
Recor ded Specified
Corrected Tenperature
Tenperature
Conponent (°F) (°F)
Engine G| in Sunp 301 300
Transm ssion Fluid from Tor que 260 300
Converter (Torque Converter Qut)
Cool ant to Radi at or 238 230- 240
Cool ant Delta "T" 15 12-20
Ol Tenperature Qut to Heat 257 300
Exchanger
Ol in Differentials 184 300
Tur bo Exhaust 900 1300

Tabl e 15

Full Load Cooling Paranmeters at 30% Tractive Effort

Corrected to 125 Degree F Anbi ent

31 Aug 2001
Maxi mum Avg Maxi mum
Recor ded Speci fi ed
Corrected Tenperature
Tenper at ure
Component (°F) (°F)
Engine G| in Sunp 302 300
Transm ssion Fluid from Torque 264 300
Converter (Torque Converter Qut)
Cool ant to Radi at or 240 230- 240
Cool ant Delta "T" 17 12- 20
O 1 Tenperature Qut to Heat 262 300
Exchanger
Ol in Dfferentials 190 300
Tur bo Exhaust 950 1300
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Tabl e 16

Ful | Load Cooling Results at 60% Tractive Effort Corrected to

125 Degree F Anbi ent
07 Septenber 2001

Maxi mum Avg Maxi mum
Recor ded Speci fied
Corrected Tenper at ure
Tenperature
Component (°F) (°F)
Engine G| in Sunp 308 300
Transm ssion Fluid from Tor que 279 300
Converter (Torque Converter Qut)
Cool ant to Radi at or 250 230- 240
Cool ant Delta "T" 19 12- 20
O 1 Tenperature Qut to Heat 272 300
Exchanger
Ol in Dfferentials 205 300
Tur bo Exhaust 950 1300

10.2.4.1 Fuel Tenperature Modification Test

The maxi num specified fuel tenperature to the engi ne was defi ned

to be 140 degrees F.

This is to give both the horsepower

expected for the volunme of fuel as well as protect the fuel

syst em conponent s.

During the 0.1, 0.3 and 0.6 tractive effort

tests, the fuel on the DDEC was 150 degrees F (flat panel
readout) and the fuel tank was 120 degrees F based on a handhel d

t her nocoupl e readi ng after these runs.

The flashpoint is

approximately 176 degrees F for diesel and 170 degrees F for

JP- 8.

To reduce the recorded fuel tenperatures, NATC investigated a
fuel cooler but found this to be an unacceptabl e approach. In
lieu of a fuel cooler, NATC installed a turbo bl anket to

m nimze turbo charger radi ant heat.

NATC al so i nproved the

shielding at the passenger side fuel tank, the tank closest to

t he turbocharger.

The 0.6 tractive effort test was run a second

time. The fuel tenperatures dropped approximtely 10 degrees to

an accept abl e range.
tenperatures at the other critical |ocations.
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Tabl e 17
Ful | Load Cooling Results at Second 60% Tractive Effort
Corrected to 125 Degree F Anbi ent
10 Sept enber 2001
(Turbo Bl anket Installed and Fuel Tank Shi el di ng)

Maxi mum Avg Maxi mum
Recor ded Specified
Corrected Tenper at ure
Tenperature
Conponent (°F) (°F)
Engine G| in Sunp 306 300
Transm ssion Fluid from Tor que 266 300
Converter (Torque Converter Qut)
Cool ant to Radi at or 240 230- 240
Cool ant Delta "T" 18 12-20
O 1 Tenperature Qut to Heat 265 300
Exchanger
Ol in differentials 180 300
Tur bo Exhaust 1000 1300
10.3 Ful | Load Cooling Concl usions

The cool ant tenperatures into the radi ator showed nargi nal
performance after it was corrected for ambient and altitude.
However, the safety features built into the electronically
controlled engine did not allowed the actual tenperature to rise
above manufacturer recommended tenperatures. It is probable
that this technol ogy would prevent the cool ant tenperature from
ri sing above the maxi mum specified tenperature if the test were
performed at an actual anbient tenperature of 125 degrees F

This is indicated by the dip in the tenperatures in the graphs

i n Appendi x C where the engine went into a de-rate node.

In concurrence with this, the engine oil sunp tenperatures were
shown to be margi nal after the anbient adjustment, either at or
slightly bel ow the maxi mum tenperature specified (300 degrees
F). This tenperature m ght also be regulated with the engine’s
de-rate function at actual anbient tenperatures of 125 degrees
F. Al other fluids nonitored during the tractive effort test
were found to be well within their respective limts.

The only other data shown to be outside the paraneters set forth
by the manufacturer was the engine coolant delta. The
recommended manufacturer delta was 12 degrees F. The LVSR-TD
had a cool ant delta of 19 degrees F. However, this was stil
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wi thin an acceptable range of 12 to 20 degrees. The phot ographs
for the Full Load Cooling test are contained in Appendi x B,
Phot ogr aph Nunbers 20238-014 through 20238-019.

11.0 Rl DE QUALI TY

The ride quality evaluation was perfornmed to determine if the
vehicle was in conpliance with the “Ri de Quality” paragraph of
the draft Performance Specification. This paragraph states that
“all vibration and accel erati on neasurenents shall be taken on
the cab floor at the driver's station, on the driver’s seat, and
in the center of the cargo bed. Al variants shall attain no
nore than 6 watts average vertical absorbed power at the
driver's station and at the driver's seat wwth the seat | ocked
out while negotiating a course with the road roughness val ues
and at speeds per Table 3-3."

Performance Specification Table 3-3-- Ride Quality

@ GVYW @ CwW

RVE (i n) VPH MPH
<0. 3 65 65
0.4 60 60
0.6 25 25
1.5 20 20
2.0 15 15
3.0 5 5

The ride quality evaluation was al so perforned to determne if
the vehicle was in conpliance with the “Shock” paragraph of the
draft Performance Specification. This paragraph states that

“all variants shall attain no nore than 2.5 g vertica
acceleration on the cab floor at the driver's station, on the
driver’s seat, and in the center of the cargo bed while
negoti ati ng hal f-round obstacles of 10 inch heights at speeds up
to 20 MPH and 12 inch heights at speeds up to 10 MPH wth tires
at normal cross-country inflation pressure.

11.1 Ride Quality

The courses associated with ride quality tests are designed to
identify the dom nant frequencies and accelerations in those
parts of a vehicle that directly or indirectly affect the ride
quality for human occupants and/or cargo. Ride quality
nmeasurenents can be used to isolate problem areas of suspension
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performance by identifying parts of a vehicle that contribute to
ri de harshness over rough terrain. One such neasurenent is
absorbed power. Absorbed power is a neasure of acceleration in
three orthogonal axes at the driver’s station and is a function
of the acceleration input and its frequency content. This

met hod requires the cal cul ation of the power (in watts) absorbed
by the individual seated in the driver's station and at the base
of the seat. The absorbed power is calculated by multiplying

t he Power Spectral Density (PSD) by certain weighting factors.
These factors are different for each of the three nutually

per pendi cul ar axes and give the highest weighting to frequencies
that do the nost danage to the human body froma ride quality
per specti ve.

The phot ographs for the Ride Quality and Handling test are
cont ai ned in Appendi x B phot ographs 20238-020 t hrough 20238-023.

11.1.1 Ride Quality Instrunmentation
Prior to conducting the dynamc ride quality engineering test,

the vehicle was instrunented with the channels of data listed in
Tabl es 18 and 19.

Tabl e 18
LVS Ride Quality/ Mddel Validation Instrunmentation
Channel |Location and Orientation Units
1 Speed MPH
2 #1 axle right side vertical accel eroneter g
3 #3 axle right side vertical accel eroneter g
4 #4 axle right side vertical accel eroneter g
5 Front franme vertical accel eroneter g
6 Rear frame vertical accel eroneter g
7 Passenger side seat base vertical g
accel eronet er
8 Passenger side seat cushion vertical g
accel eronet er
9 C.G pitchrate deg/ s
10 #1 axle to frame vertical displacenent i nch
11 #2 axle to frame vertical displacenent i nch
12 #3 axle to frame vertical displacenent i nch
13 #4 axle to frame vertical displacenent i nch
14 RBU Left front franme rail strain uS
15 RBU Right front frame rail strain pUS
16 RBU Left rear frame rail strain uS
17 RBU Right rear frame rail strain S

Tabl e 19
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LVSR-TD Vari ants Ri de Quality/ Mddel Validation Instrunentation
Instrumentation Also Transferred to Raydan and Hendri ckson RBUs
Chan. Location and Orientation Units
Driver seat base vertical accel eroneter
Driver seat base | ateral accel eroneter
Driver seat base |ongitudinal accel eroneter
#1 axle left side vertical accel eroneter

#3 axle left side vertical accel eroneter

#5 axle left side vertical accel eroneter
Frame at #1&2 center vertical accel eroneter
Frame at #4 axle left side vertical

accel eronet er

15 #1 axle left side wheel travel deg
16 #3 axle left side wheel travel deg
17 #5 axle left side wheel travel deg
22 Speed nph

NI OB IWN -
Q ((Q |Q [Q |[Q [ |[Q [

11.1.2 Ride Quality Test Procedures

The ride quality tests had two objectives, to nmeasure the
absorbed power at the driver station and to validate the ADANVS
nodel s of the various LVSR variants.

For this test, the vehicles were run over courses that are
representative of the LVSR m ssion profile and over standard RVS
ride quality courses. These courses vary in terns of road
roughness anplitude and frequency. The vehicles were run over
the courses at different speeds. |If a vehicle resonance
frequency was identified, the vehicle was driven at speeds bel ow
and above the resonance frequency. This allows for an anal ysis
of absorbed power at a range of speeds recogni zing that the
absor bed power peaks at the resonance frequency condition.

For the LVSR-TD nodel validation, time histories, PSD plots and
transfer functions were generated for each accel eroneter
channel. PSDs allow the conparison of anplitude versus
frequency. This analysis allowed analysis of the steady state
and resonance frequency ride quality conditions. Transfer
functions describe the gain or attenuation of accel eration
energy from one accel eroneter location to another. |[If the gain
is greater than one, the output is greater than the input. The
phase angl e between | ocations was al so conputed. |f the phase
bet ween | ocations is O degrees or 360 degrees, the conponents
are accelerating in the sane direction (in phase). |If the phase
angle is 180 degrees, the conponents are accelerating in
opposite directions (out of phase). The transfer function
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relationships listed in Table 20 were conputed and anal yzed for
nodel validation

Tabl e 20

Transfer Function Rel ati onshi ps
| nput Accel eration Qut put Accel erati on
#1 Axle Front Frane
#1 Axle Seat Base
#3 Axl e Rear Frane
#5 Axle Rear Franme (LVSR-TD only)
Front Frane Seat Base
Front Frane Seat Cushi on
Seat Base Seat Cushion

For the LVSR draft Performance Specification validations,
absorbed power was the ride quality neasurenent of interest.

The vertical acceleration neasured at the seat base was
processed and filtered with respect to human response vi bration
conditions as outlined in the Arny absorbed power program or | SO
2631-1: 1997, then sumred and averaged over the entire | ength of
t he course.

11.1.3 Ride Quality Analysis

Ri de quality neasurenents are typically neasured and presented
as rel ationshi ps of speed (nph) versus terrain roughness (inches
of RM5). The ride quality curves are based on six watts of
absorbed power at the driver's station. Six watts represents an
energy input to the driver that can be sustained for an extended
period w thout decreased driving proficiency due to fatigue or
injury. Additionally, as the RMS val ue increases, the physical
road roughness increases. Pavenent is generally between 0.1 and
0.5 inch RM5. In the paved region of the curve, the vehicle is
generally limted by powertrain performance or maxi mum speed of
the vehicle. Gavel roads are generally between 0.3 and 1.0
inch RM5. Trails are between 1.0 and 3.4 inches RV5 and cross-
country is between 1.5 and 4.8 inches RV5. Any terrain
roughness over approxinmately 1.0 inch starts to limt vehicle
speed based on the vehicle' s ability to negotiate the roughness
in the road while still maintaining the six watt ride quality.

The neasurenent of absorbed power (watts) is acconplished with a
vertical accel eroneter nmounted at the base of the driver’s seat.
Processing the vertical acceleration in conjunction with the
weighting filters for the sensitivity of the human body yi el ds

t he absorbed power in watts. Various test courses with neasured
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RMS roughness levels were run at increasing speeds to find ride

| evel s bel ow and above the six watt level. Plotting a curve for
ride quality (in watts) versus speed (in MPH) allows the
definition of the speed that will produce the six watt |evel.

The speed for the first occurrence of six watts was sel ected.
For several of the ride quality courses, the six watt criteria
was |imted by a resonance condition at an internedi ate speed
and the absorbed power actually decreased with increased speed.

11.1.3.1 LVSR Configurations

Three different LVSR RBUs were evaluated for ride quality. The
LVSR- TD vehicle with the independent suspension at all axle

| ocati ons was evaluated. Second, the RBU built wth a Raydan
air ride suspension was installed on the LVSR-TD FPU and tested
over the sanme ride quality courses. Finally, the RBU built with
a Hendrickson HHP hydraulic suspension was installed on the
LVSR-TD FPU and tested over the same ride quality courses. This
al l oned a conparison of ride quality based on a passive

i ndependent suspension, a constant ride height air ride
suspensi on and a constant ride height hydraulic suspension at
two payl oad configurations. Each configuration was a 10x10

vehi cl e configuration. The 22 ton payload (HGYW was not run as
the 18 ton payload (CCGVYW is the nmaxi mum of f-road payl oad.

The LVSR-TD was a passive i ndependent suspension with fixed rate
spring elenents. Passive independent suspensions ride higher

unl oaded t han | oaded. Suspension design requires spring

el enents designed for the heaviest |oad at ride height. The
LVSR- TD was designed to an 18 ton design load (16 1/2 ton

payl oad plus 1-1/2 ton flatrack) at a 12 inch ride height.
Optimzing tire pressure, at | ow payl oad conpensates for

probl ens associated with enpty vehicle ride, but as the weight
differential increases, tire pressure alone wll not offset

unl oaded suspensi on behavi or.

The LVSR program al so denonstrated two suspensi on systens that
mai ntain a constant ride height. Again, these suspensions

i ncl uded the Raydan air ride suspension and the Hendri ckson HHP
hydr o- pneumati ¢ strut suspension. Two different RBUs were built
with these suspensions and the original LVS solid axles. A
third axl e was added to the RBU of each variant to conpensate
for the 18 ton payload requirenent. Air and hydro-pneumatic
spring elenments permitted controlling ride height based on

payl oad changes.
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11.1.3.2 R de Quality Evaluation Results — Six Watt Criteria

Tabl e 21 and Figures 2 through 6 show the average speeds for the
six watt average vertical absorbed power at the driver’s station
(base of seat) with the tires at the appropriate tire inflation
pressures. This was conducted at the CCGVYW and enpty vehicle
configurations for road roughness values ranging fromO0.5 to 4.4
inches. For initial conparisons (Figures 2 and 3), the LVSR-TD
results are shown against the MIVR requirenents.

Tabl e 21

Loaded (CCGYW and Enpty Ride Quality for LVSR-TD (I ndependent),

Raydan (Air) and Hendrickson (Hydraulic) Rear Body Units
Vari ant : LVSR- TD LVSR- TD Raydan Raydan Hendri ckson | Hendri ckson
FPU: I ndependent | | ndependent | | ndependent | | ndependent | | ndependent | | ndependent
RBU: | ndependent | | ndependent Air Alr Hydraul i c Hydraul i ¢
Payl oad: 18T Curb 18T Curb 18T Curb
RVS
Roughness Speed Speed Speed Speed Speed Speed
(I nches) (MPH) (VPH) (MPH) (MPH) (MPH) (VPH)
0.5 26 16 30 32.5 30 21
1 21 14 23.5 18.5 23.5 17.5
1.65 16 12 14. 75 15 17.5 16.5
2.4 11 11 10.5 11 15 11.5
3.6 12.7 13 12. 25 10. 75 13.5 10.5
4.4 12.1 12.5 11. 25 10 12.5 9.5
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18 Ton 6 Watt Absorbed Power
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Figure 2
CCGYW Ride Quality for LVSR-TD (I ndependent), Raydan (Air) and
Hendri ckson (Hydraulic) Rear Body Units for 6 Watts of
Absor bed Power at Base of Driver's Seat
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Empty 6 Watt Absorbed Power
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Figure 3
Enpty Ride Quality for LVSR TD (I ndependent), Raydan (Air) and
Hendri ckson (Hydraulic) Rear Body Units for 6 Watts of
Absor bed Power at Base of Driver's Seat
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LVSR (Passive Independent) Vs Draft Specification
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Figure 4
Ride Quality Conparison for LVSR-TD (Passive | ndependent) Versus
LVSR Draft Performance Specification for 6 Watts of
Absor bed Power at Base of Driver's Seat
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Ride Quality Conparison for Raydan Air Ri de on RBU Versus LVSR
Draft Performance Specification for 6 Watts of

Absor bed Power at Base of Driver's Seat



Hendrickson (Hydraulic) Vs Draft Specification
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Figure 6
Ride Quality Conparison for Hendrickson Hydraulic Strut on RBU
Versus LVSR Draft Perfornmance Specification for 6 Watts of
Absor bed Power at Base of Driver's Seat

Note to Figures 4 - 7. The LVSR nust be able to operate at 10
MPH on 3 inch RVS without required six watt ride quality.

Each of the three suspension configurations were eval uated “as
built” and no suspension tuning or suspension optim zation was
performed before the ride quality eval uation was conducted. For
exanpl e, the LVSR TD suspension was nearly identical to the MIVR
suspensi on and had the MIVR springs installed. The front shock
absorbers were MIVR front shocks. |In the rear suspension of the
LVSR- TD, Qatar independent suspension HEMIT shocks are used. It
was known that suspension and shock absorber tuning would | ead
to changes in spring and shock absorber rates for optim zed
suspensi on performance.

Usi ng the conputer nodels validated with the above
instrunmentation, the LVSR-TD was optim zed in the nodel and run
over the sane ride quality courses and hal f-round events. The
suspensi on was optim zed to produce the best conbination of
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enpty and | oaded ride quality, enpty and | oaded shock
attenuation (10 inch half-round) and stability events. No

nodi fications were made to cab configuration or cab nounting

wi thin the nodeling and sinulation environment to inprove the
driver’s station ride quality. Figure 7 shows the six watt
absorbed power ride quality curve representative of inprovenents
in the suspension tuning for the enpty and | oaded.

Optimized Ride Quality
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Figure 7
Optim zed Ride Quality Conparison for LVSR-TD Versus LVSR Draft
Criteria Performance Specification for 6 Watts of
Absorbed Power at Base of Driver's Seat

11.1.3.3 Hal f-Round Eval uati on

Another ride quality metric evaluated was the ability of the
vehicle to attenuate shock inputs to the suspension and driver’s
station. The negotiation of half-round events at increasing
speeds was run to find the limting speeds based on a 2.5 g
shock limt. The half-round requirenment is that no nore than
2.5 g of vertical acceleration is attained in either the
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positive or negative direction at the base of the driver’s while
negoti ating hal f-round obstacles of 6, 8, 10 and 12 i nches high.
Three different LVSR Rear Body Units (RBU) were eval uated for
hal f-round inputs of 6, 8, 10 and 12 inches high. The LVSR-TD
vehicle with the independent suspension at all axle |ocations
was evaluated. The RBU built with a Raydan air ride suspension
was installed on the LVSR-TD FPU and an RBU built with a

Hendri ckson HHP hydraul i c suspension was installed on the LVSR-
TD FPU. This allowed a conparison of ride quality based on an
enpty and 18 ton payl oad vehicle with constant ride height
suspension alternatives. The results of the half-round test is
shown in Figure 22.

Tabl e 22
Speeds for 2.5 g at the Driver’s Station
(Required 10 inch Hal f-Round at 20 MPH and
12 inch Hal f-Round at 10 MPH)

LVSR Vehi cl e Vari ant
Hal f Round Height |LVSR - 18T| LVSR - E | Raydan - 18T | Raydan - E| Hendrickson - 18T | Hendrickson - E
(I nches) Speed (MPH)|Speed (MPH)| Speed (MPH) [Speed (MPH) Speed (MPH) Speed (MPH)
6 26.2 17. 4 30. 3 14.9 22.5 22.3
8 17. 4 19.4 7.1 6.9 19.3 24.2
10 16.0 13.8 5.8 4.6 16. 6 9.5
12 14. 6 13.1 4.6 4.1 11.1 5.9

Simlar to the ride quality analysis,
optim zed in the nodel

t he LVSR- TD suspensi on was

and run over the sane hal f-round events.

The suspensi on was optim zed to produce the best conbi nation of

enpty and | oaded ride quality,

enpty and | oaded shock

attenuation (10 inch half-round) and stability events.
nodi fications were made to cab configuration or cab nounting
wi thin the nodeling and sinulation environment to inprove the

driver’s station ride quality.
suspension tuning for the enpty and | oaded operati on,

No

Wth inmprovenents in the
t he LVSR-

TD was able to neet the draft Performance Specification

requi rement of 20 MPH for the 10 inch half-round height with the
tires at CCGYWtire pressures. The Hendrickson RBU vari ant,
simlarly optimzed within the nodeling and sinulation

envi ronment was able to neet the 10 inch hal f-round requirenent.
11.1.4 Ri de Quality Concl usions

G ven a conbi nation of physica
simulation wwth a validated nodel,

testing and nodel i ng and
the LVSR-TD net the draft
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Perf ormance Specification requirenents for the six watt absorbed
power and 2.5 g ride quality events. Additional nount tuning
woul d i nprove the response on the 1.5 inch RMS roughness | evel
for the 6 watt ride criteria.

12.0 FUEL ECONOMY TESTI NG

The fuel econony evaluation was perforned to determne if the

vehicle was in conpliance with the “Fuel Econony” paragraph of
the draft Performance Specification which states that the LVSR
cargo variant shall achieve a mnimnumof 2.5 mles per gallon

(MPG over mssion profile representative terrain.

The fuel econony test was conducted from 26 February through 6
March 2001. The mission profile for the LVSR-TD was segnent ed
into the four terrain categories (paved, gravel, trails and
cross-country) and the three payl oads (enpty, 18 tons and 22
tons). The conbination of the 22 ton payload on trails and
cross-country is not required for the LVSR-TD vehicle thus this
conmbi nation was not run. This data and the individual fuel
econony results are shown in Table 23. The foll ow ng m ssion
profile courses were run

Surface Type CTI S Setting Speed Range
Paved H ghway 45- 65 nph
Paved Test Track

G avel Cross- Country 25- 35 nph
G avel Oval

Perryman |

Up and Down 15% G ade

Trail/ Cross-Country Mul ti-Terrain 15-25 nph
Perryman 111

Al ternating Bunps

North Butte

Forest Service Loop

Sand Serpentine

Susan’s Bluff Loop (natural grades to 37%
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Tabl e 23
Fuel Economny Data and Results

Terrain Fuel Di st ance MPG Per cent
(Gl | ons) (Mles) of M ssion

H ghway
22 Ton 10 46. 3 4.6 18
18.5 Ton 19.9 46. 1 2.3 2
Enpty 15. 6 44. 3 2.8 20

G avel
22 Ton 23 41. 4 1.8 10
18.5 Ton 20 41.5 2.1 10
Enpty 19.1 43 2.3 10

Cross Country
22 Ton N A N A N A N A
18.5 Ton 75.3 124.7 1.7 15
Enpty 20.7 37.4 1.8 15

© Aver age MPG Hi ghway 3.0

~ Average MPG Gravel 2.0

. Aver age MPG Cross-Country 1.7

- Averaae MPG for M ssion Scenario 2.6

The fuel econony value of 4.6 MPG for the highway portion at 22
tons is efficient because the engine is operating at its peak
efficiency and the tire pressures are at their maxi numinflation
pressure (Table 23). Wen conbined in the LVSR m ssion profile
per cent ages, the average fuel econony was 2.6 MPH (Table 23 and
Fi gure 8).



Fuel Mileage vs. Payload
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Figure 8
Fuel Econony Results By Payl oad and M ssion Profile Terrain Type

Additionally, during the EOA held for the operator’s eval uation
and mai ntainer’s eval uati on between July 24 and August 11, 2000,
the fuel econony of the LVS was cal cul ated. The vehicle was
operat ed over USMC m ssion scenarios for this period of the

eval uations. The LVS achieved 2.1 MPG  The vehicle was
operated enpty and at a 12.5 ton payl oad.

12.1 Fuel Econony Concl usi on

Wth a 40/30/20/10 terrain mx, the LVSR-TD net the draft
Performance Specification fuel econony requirenent of 2.5 MPG
wi th diesel fuel

13.0 PERFORMANCE TESTI NG

A range of perfornmance testing was conducted to support an AOA
for five LVSR alternatives and the required MOP for each. The
performance testing was al so perfornmed to determine if the
vehicle was in conpliance with the various performance
paragraphs of the draft Performance Specification. Finally, the
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EQCA operations were used to confirmmany of the nobility
performance requirenments within the LVSR m ssion profile.

This performance testing was conpleted in |late 2000 and early
2001 followi ng the USMC EOA operations. As such, data for grade
operation, side slope, speed, speed on grade, acceleration,
range, ride quality, shock and vibration, steering and handling,
turning radius and dinensions for transportability were
acconplished to support the MOP data for the AoA. Additionally,
the LVSR-TD i nvol ved an extensive J1939 electrical integration
wi th denonstration of diagnostics and prognostics during the EOA
and AoA.

Appendix Gis a sunmary of the AoA MOP data. For correlation to
this test report, the “Rebuy New Truck” alternative is the LVSR-
TD. The “Remanufacturer” alternative was a conbination of the
test experience and results with the Raydan and Hendri ckson
RBUs.

As stated in Section 6.0, all performance tests were run with
DF-2 diesel. A conparison acceleration test was perforned to
provi de baseline data on the acceleration differences of the
LVSR-TD with both DF-2 diesel and JP-8 fuel. The acceleration
conpari son test was conducted on the LVSR-TD in May 2001 at
NATC s paved 1.8 mle test track. The LVSR-TD was payl oaded to
its CCGVWand the tire pressures were set to the paved CTIS
setting. The results are shown in Table 24.

Tabl e 24
LVSR-TD Accel eration Diesel vs JP-8
Ti me Run 1 Run 2 Run 3 Run 4 Aver age
| ncrenent Tinme Ti ne Ti ne Ti ne Ti ne
( MPH) (sec) (sec) (sec) (sec) (sec)
D esel (DF-2)
0-15 5.6 5.7 6.1 5.6 5.8
15-25 6.4 6.1 6.1 6.0 6.2
25-45 30.1 30.2 29.0 28.5 29. 4
45-50 - 13.9 - 13.0 13.5
0- 45 42. 1 42.0 41. 2 40.0 41. 4
JP-8
0-15 5.9 6.2 6.0 6.9 6.3
15- 25 6.3 6.6 6.1 7.5 6.6
25-45 28.0 28.9 30.5 33.1 30.1
45- 50 12.2 12.1 14.0 14.0 13.1
0- 45 40. 2 41.7 42. 6 47.5 43.0
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13.1 Per f ormance Testing Concl usi on

The data showed the use of JP-8 over diesel degraded the

accel eration performnce approxi mately 4 percent. The LVSR-TD
met the other performance requirenments in the draft Perfornmance
Specification as shown in data results in Appendix G using

di esel (DF-2) fuel

14.0 STABI LI TY AND HANDLI NG

The purpose of this evaluation was to provi de baseline data on
the static stability and controllability characteristics of the
LVSR-TD at curb wei ght and payl oaded confi gurati ons agai nst the
“Steering and Handl i ng” requirenents of the draft Performance
Speci fication.

The tilt evaluation was perfornmed on the vehicle with both the
driver and passenger sides of the vehicle in the downsl ope
direction. Following the static stability, dynamc stability
testing included 200 foot constant radius curve, double |ane
change, side slope performance and stability and control braking
in a wet 500 foot radius curve.

14.1 Tilt Test Methodol ogy

The tilt table testing was conducted utilizing both NATC and SAE
procedures. Because the tilt table facility utilized is an
outdoor facility, the wind velocity was nonitored throughout the
tilt table test. The tilt table test was conducted only when
the wind velocity was |l ess than 10 MPH

In accordance with the test requirenents, the LVSR-TD was
positioned on the tilt table in a straight line parallel to the
tilt axis. This test was conducted for only the LVSR- TD
vehi cl e.

During tilting, the vehicle was restrained to prevent it from
rolling off the tilt table. The restraints were set such that
the axles could Iift approximately six inches off of the table
surface. The tilt table is covered with a high friction surface
to prevent the vehicle fromsliding dowm the table during
tilting (Reference Photograph Nunbers 20238-24 and -25).

- 44 -



14.1.1 Tilt Tabl e Test Conduct

The tilt evaluation was perforned on the LVSR-TD with both the
driver and passenger sides of the vehicle in the downsl ope
direction. The vehicle was tilted three tines in each direction
for each configuration except for the payl oaded, cross-country
tire pressure, passenger side down configuration.

During each tilt, inclinometers were nmounted on the front

bunmper, axle #1, rear bunper, and axle #5 in order to neasure

t he angles at these locations. One inclinoneter secured to the
tilt table was used to neasure table angle. A digital bubble

| evel secured to the table was used to nonitor table angle
during the test. The inclinoneter data was processed as angle
versus time for each tilt and the points of initial lift of each
wheel are identified. The average |lift angle for the tilts in
each direction was used to calculate the "rollover threshold,"
which is equal to the tangent of the table angle at the point of
instability of the vehicle. For the smaller angles generally
experienced by heavy vehicles, the tangent of the tilt table
angle can be used to estinate the |ateral acceleration, in g,
necessary for the vehicle to reach the point of roll instability
for steady state inputs. For this test, an MLO77 flatrack was
utilized. The 18 ton payload was switched to an 18 ton | SO
container with a 24 inch high CG for the remainder of the EQA,
AQA and performance testing.

Tabl e 25
Tilt Table Instrunentation
Channel Location & Orientation Units
1 Front bunper inclinoneter deg
2 Front axle inclinoneter deg
3 Rear axl e inclinoneter deg
4 Front axle inclinoneter deg
5 Tilt table inclinoneter deg
14. 2 Tilt Table Results

14.2.1 LVSR-TD Curb Weight, Cross-Country Tire Pressure

Wiile tilting with the passenger side of the vehicle toward the
downsl ope side representative of making a left turn, the vehicle
lifted the fifth axle onto the restraint straps at an average

tilt table angle of 29.1 degrees. VWhile tilting with the driver
side of the vehicle toward the downsl ope side, representative of
making a right turn, the vehicle lifted the fifth axle onto the
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restraint straps at an average tilt table angle of 23.7 degrees.
The tilt angles for each tilt are provided in Table 26.

14.2.2 Curb Weight, H ghway Tire Pressure

Waile tilting wwth the passenger side of the vehicle toward the
downsl| ope side representative of making a left turn, the vehicle
lifted the fifth axle onto the restraint straps at an average
tilt table angle of 28.6 degrees. VWhile tilting with the driver
side of the vehicle toward the downsl ope side, representative of
making a right turn, the vehicle lifted the fifth axle onto the
restraint straps at an average tilt table angle of 24.7 degrees.
The tilt angles for each tilt are provided in Table 27.

14.2.3 Payl oaded, Cross-Country Tire Pressure

VWiile tilting wwth the passenger side of the vehicle toward the
downsl ope side, representative of naking a left turn, the
vehi cl e reached the point of instability and lifted into the
restraint straps at an average tilt table angle of 25.6 degrees.
While tilting with the driver side of the vehicle toward the
downsl ope side, representative of making a right turn, the
vehi cl e reached the point of instability and lifted into the
restraint straps at an average tilt table angle of 26.6 degrees.
The tilt angles for each tilt are provided in Table 28.

14. 2.4 Payl oaded, Hi ghway Tire Pressure

While tilting with the passenger side of the vehicle toward the
downsl ope side, representative of nmaking a left turn, the
vehi cl e reached the point of instability and lifted into the
restraint straps at an average tilt table angle of 23.7 degrees.
VWaile tilting with the driver side of the vehicle toward the
downsl ope side, representative of making a right turn, the
vehi cl e reached the point of instability and lifted into the
restraint straps at an average tilt table angle of 26.1 degrees.
The tilt angles for each tilt are provided in Table 29.
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Tabl e 26
LVSR-TD, Curb Weight, Cross-Country Tire Pressure
Tilt Angles At Point O Instability
And Frame Twi st Angl es

Tilt Angle (degrees) Passenger Si de Down Driver Side Down

Tilt 1 |Tilt 2|Tilt 3|Tilt 1 [Tilt 2|Tilt 3

Tilt Table Angle 28.6 29.4 29.3 24.2 23.4 23.5

Front Bunper Angle 32.7 33.3 33.0 28.7 27.3 27.4

Axl e #1 Angle 32.6 33.2 33.1 28.1 26.8 27.0
Rear Bunper Angl e 31.1 31.8 31.6 26. 2 24.9 25.2
Axl e #5 Angl e 32. 4 33.1 32.9 26. 6 25. 4 25.5
Front Bunper to 1.6 1.5 | 1.4 | 2.5 2.4 | 2.2
Rear Bunper Tw st

Tabl e 27

LVSR-TD, Curb Weight, H ghway Tire Pressure
Tilt Angles At Point O Instability
And Frame Twi st Angl es

Tilt Angle

Passenger Si de Down Driver Side Down
(degr ees)

Tilt 1|\Tilt 2 |Tilt 3 |Tilt 1|Tilt 2 |[Tilt 3

Tilt Table Angle 27.9 28.9 29.0 24.1 25.0 25.0

Front Bunper

31.4 31.9 32.0 28.1 28.4 28.5
Angl e

Axl e #1 Angl e 31.2 31.7 31.8 27.3 28.0 28.0

Rear Bunper Angl e 29.8 30. 3 30.6 25.8 26. 4 26.1

Axl e #5 Angl e 30.9 31.9 32.0 26. 2 26.7 26.7

Front Bunper to

Rear Bunper Twi st 1.6 1.6 1.4 2.3 2.0 2.4
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Tabl e 28

LVSR- TD, Payl oaded, Cross-Country Pressure

Tilt Angles At Point O
And Frame Twi st Angl es

Instability

Tilt Angle Passenger Si de Down Driver Side Down
(degrees)

Tilt 1 Tilt 2 Tilt 2 |Tilt 2 |Tilt 3
Tilt Table Angle 25.3 25.8 26. 3 26.7 26.7
Front Bunper Angle 30. 3 30. 8 32.3 32.6 32.6
Axl e #1 Angl e 30.3 31.0 31.5 31.8 31.8
Rear Bunper Angl e 30.4 30.9 31.6 31.6 31.8
Axl e #5 Angl e 29.0 29.7 30.7 31.1 31.2
Front Bunper to
Rear Bunper Tw st 0.1 0.1 0.7 1.0 0.8

Tabl e 29
LVSR- TD, Payl oaded, Hi ghway Pressure
Tilt Angles At Point O Instability

And Frame Twi st Angl es
Tilt Angle , . .
(degr ees) Passenger Side Down Driver Side Down

Tilt 2 |Tilt 2 |Tilt 3 [Tilt 1|Tilt 2 |Tilt 3
Tilt Table Angle 23.8 23.6 23.6 26.1 26.1 26.1
Front - Bunper 20.0 | 29.5 | 29.4 | 32.3 | 32.2 | 32.3
Angl e
Axl e #1 Angle 29.2 29.6 29. 4 31.4 31.2 31.1
Rear Bunper Angle 28.3 29.3 29.0 30.8 30.9 31.0
Axl e #5 Angl e 28.9 29. 6 29. 3 30.6 30.6 30.4
Front Bunper to 0.7 | 0.2 0.4 1.5 | 1.3 1.3
Rear Bunper Tw st
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The point of static instability of the vehicle on the tilt table
was deternm ned when at | east one of the vehicle's wheels lifted
off of the surface of the table and the vehicle was restrai ned
fromrolling off of the tilt table.

The | ateral accel eration necessary for rollover, or "rollover
threshol d,” can be cal cul ated by taking the tangent of the
average tilt table angles at the point of instability. The
right turn rollover threshold, i.e. tan(9, was calculated to be
0.44 g for the curb weight, cross-country tire pressure
configuration. The left turn rollover threshold was cal cul at ed
to be 0.56 g. The right turn rollover threshold was 0.46 g for
the curb weight, highway tire pressure configuration. The |eft
turn rollover threshold was 0.55 g. The right turn rollover
threshold was 0.50 g for the payl oaded wei ght, cross-country
tire pressure configuration. The left turn rollover threshold
was 0.48 g. The right turn rollover threshold was 0.49 g for

t he payl oaded wei ght, highway tire pressure configuration. The
left turn rollover threshold was 0.44 g.

The | ateral accel eration necessary for rollover may be used to
approxi mat e the maxi mum speed that the vehicle could trave
around a |l evel, constant radius, steady state, non-vibratory
turn without rolling over. Using the follow ng cal culation, the
speed through a constant radius turn necessary for a rollover
may be approxi mated: (Reference Table 30 for these results).

Accel eration [g] = 0.0668 * Vel ocity[ nph] 2
Turn Radius [ft]

The axial, lateral and vertical centers of gravity (CG were
cal cul ated using the mass nonent nethod. This is defined as:

wy
CG:)%G:2;7;
VWher e:

w = Wi ght of corresponding axle in pounds
y = di stance of corresponding weight with respect to a
fi xed reference pl ane

The average CG | ocation, calculated from CG val ues found for
each tilt, is reported in Table 30.

The | ateral center of gravity for the curb weight configuration
is 0.5 inch toward the driver side of the vehicle centerline.

It is 1.2 inches toward the driver's side of the vehicle for the
fully payl oaded configuration.
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The | ongi tudi nal center of gravity for the curb wei ght
configuration is 135.4 inches aft of axle #1. It is 183.4
inches aft of axle #1 for the fully payl oaded confi gurati on.

The average vertical center of gravity for the curb weight,
cross-country tire pressure configuration is 66.0 inches off the
ground. For the curb weight, highway tire pressure
configuration, the average vertical center of gravity is 65.0
inches off the ground. For the fully payl oaded, cross-country
tire pressure configuration, the average vertical center of
gravity is 66.3 inches off the ground. For the fully payl oaded,
hi ghway tire pressure configuration, the average vertical center
of gravity is 70.0 inches off the ground (Reference Table 30).

- 50 -



Tabl e 30

LVSR- TD, Rol |l over Threshold, Verti cal
Esti mat ed Maxi mum Vel ocity 200- Foot Radi us Steady State Turn

Center of Gavity,

and

Tilt

Tilt Table
Angle @
( Degr ees)

Rol | over
Thr eshol d

(Lat. 9g)

Verti cal
Cent er of
Gavity

Est .
Maxi mum
Vel ocity

(MPH)

Passenger Side
Down, Curb,
Cross-Country
Pressure

29.1

58. 2

40. 8

Driver Side
Down, Curb,
Cross-Country
Pressure

23. 7

73.8

36. 3

Passenger Side
Down, Curb,
H ghway Pressure

28.6

59.5

40. 4

Driver Side
Down, Curb,
H ghway Pressure

24. 7

70. 4

37.1

Passenger Side
Down, Payl oaded,
Cross-Country
Pressure

25.5

67.7

37.8

Driver Side
Down, Payl oaded,
Cross-Country
Pressure

26. 6

64. 8

38.7

Passenger Side
Down, Payl oaded,
H ghway Pressure

23.6

73.9

36. 2

Driver Side
Down, Payl oaded,
H ghway Pressure

38.3
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14. 3 Handl i ng

Handl ing tests were perforned to determ ne the dynam c safety
[imts of a vehicle. The dynam c reaction of a vehicle that
results fromsudden extrene driver inputs is directly related to
safety. Such extrenme inputs could ultimately lead to
instability and | oss of control of a vehicle. This data was

al so used to verify the conmputer nodel’s perfornmance near the
l[imts of handling.

14. 3.1 Theory of Handling Tests

Figure 9 provides a physical representation of wheel slip angle
and the doubl e | ane change naneuver.

Dependi ng on several paraneters such as tire characteristics,
shock danping rates, spring rates, bushing properties, chassis
stiffness, location of drive wheels, centers of gravity, etc., a
vehi cl e may experience conditions of oversteer or understeer.
Understeer is commonly referred to as “push” and occurs when the
front wheel slip angle is greater than the rear wheel slip
angle. Oversteer satisfies the opposite conditions. Both can
result in loss of control. However, understeer is considered
the preferred condition for handling purposes. The dynam cs of
a vehicle which experiences understeer are | ess severe than

t hose of oversteer. This is because understeer results in
straight-line travel and m nimal yaw ng effects are present.
Consi derable yawing is nore comonly associated with oversteer
conditions and can result in conplete | oss of control.

Slip Angle

| nt ended Direction Actual Direction

Figure 9
Di agram of \Weel Slip Angle, Top View

A condition nore often experienced by |arger vehicles is roll.
It is conmon for |arger vehicles to beconme unstable and rol
over before the tires slip enough to cause any consi derabl e
amount of understeer or oversteer. The rollover tendency of

| arge vehicles can be expl ained by a high center of gravity, as
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wel |l as the large contact patches of the tires used on such
vehicles. It should be noted however, that conditions of
oversteer or understeer can be present during rolling
conditions. A comon goal of the 200-foot radius test is to
determ ne the nmaxi mnum speed and | ateral acceleration a vehicle
can withstand (comonly referred to as the vehicle’'s “end

l[imt”) before it rolls over or beconmes uncontrollable due to
sl i di ng.

Gate 2

Region of
Instability

Figure 10
Di agram of Doubl e Lane Change Maneuver

The doubl e | ane change hi ghway type maneuver tests the vehicle's
dynam ¢ characteristics under conditions of sudden steering
i nput and vehicle weight transfer (Figure 10). Significant body
roll and yawing are often a common effect on |arge vehicles

during this test, especially transitioning fromthe second to
third gates.

14.3. 2 Handl i ng I nstrumentation

Prior to conducting the dynam c handling engineering test, the

vehicle was instrunmented to neasure paraneters as in Tables 31
and 32:
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Tabl e 31
LVS Handling I nstrunentation

Channel Location and Orientation Units
1 Speed nph
2 #1 axl e | ateral accel eroneter g
3 #4 axle | ateral accel eroneter g
4 Chassis C. G lateral accel eroneter g
5 Pitman arm steer angle deg
6 #1 axle left wheel angle deg
7 #1 axle right wheel angle deg
8 Roll rate at center of gravity deg/ s
9 Yaw rate at center of gravity deg/s

10 Left articulation cylinder displacenent i nch
11 Ri ght articulation cylinder displacenent i nch
Tabl e 32
LVSR Variants Handling and Ride Quality Instrunmentation

Channel Location and Orientation Units
1 Driver seat base vertical accel eroneter g
2 Driver seat base | ateral accel eroneter g
3 Driver seat base |ongitudinal accel eroneter g
4 #1 axle left side vertical accel eroneter g
5 #3 axle left side vertical accel eroneter g
6 #5 axle left side vertical accel eroneter g
7 Frame at #1&#2 center vertical g

accel eronet er
8 Frame at #4 axle left side vertical g

accel eronet er
9 #1 axle left side lateral accel eroneter g
10 #3 axle left side lateral accel eroneter g
11 #5 axle left side | ateral accel eroneter g
12 CG | ateral accel eroneter g
13 CG inclinoneter (Roll) deg
14 CG gyro (Yaw rate) deg/ s
15 #1 axl e wheel travel in
16 #3 axl e wheel travel in
17 #5 axl e wheel travel in
18 Steering wheel angle deg
19 #1 axle left wheel angle deg
20 #3 axle left wheel angle deg
21 #5 axle left wheel angle deg
22 Speed nph
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14.3.3 Handl i ng Test Procedures

Handl ing tests were perfornmed using the 200-foot constant radius
and the doubl e | ane change. The 200-f oot constant radius test
was perfornmed in both directions at variably increasing speeds.
A qualified driver operated the vehicle, while engineers and

t echni ci ans observed the vehicle’ s behavior. These naneuvers
were inplenented on a high coefficient snooth, dry surface
(asphalt) at increasing speed increnents. The vehicles were
tested at different speed ranges in both the clockwi se (CW and
counter-clockwi se (CCW directions. The course surface was fl at
to elimnate the road crown as a variable. The course was
delineated with a centerline marker for driver tracking.

The doubl e | ane change test was perfornmed with the use of three
sections of cones, each representing the required “gate” or path
that the vehicle was required to enter and proceed through. The
cone |l ayout and test procedure is specified in North Atlantic
Treaty Organi zation (NATO Allied Vehicle Testing Publications
(AVTP) 03-160 and SAE J2014 (Figure 11). The test |ocation was
a snooth flat paved surface. The test was conducted at

i ncreasing speeds up to the end-limt of the vehicle (Reference
Phot ogr aph Nunber 20238- 26).

L=15m L=Lef f +24m L=25m

-

WL = 1.1(VW + 0.25m

W = 1.2(vW + 0.25m
VW = Vehicle Wdth

Leff = Overall Length of the Vehicle Measured at 0.5m from the Ground

Figure 11
Doubl e Lane Change Configuration
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14. 4 Handl i ng Results
14.4. 1 200- Foot Constant Radi us — LVSR Vari ants

Tabl es 33 through 38 show t he maxi num speeds that wheel [ift at
the nunber 5 axle first occurred for the 200-foot constant
radius curve. The maximum | ateral acceleration at the point of
wheel |[ift of the nunber 5 axle is shown in Tables 33 through 38
for each vehicle configuration. The criteria for near end |limt
for the physical testing was to slowy increase the speed on the
200-f oot constant radius event until wheel |ift occurred at the
#5 axle only. This was well below the point of dynanmic
instability. Once the nodel was validated with the constant
radi us data, the nodeling and sinulation environment was used to
calculate the end Iimt.

The data is repeated for both cl ockw se and countercl ockw se
travel. 1In all cases, the target speed was 34.6 MPH, which
corresponds to a 0.4 g lateral acceleration at the CGfor this
steady state curvature.

Tabl e 33
200- Foot Constant Radi us — LVSR-TD
18 Ton CCGVW and Paved CTIS Setting

Turn Speed Measured Lateral Accel eration
Direction (mph) #5 Axle (Q)
CCcw 31.5 0. 40
cw 29.8 0. 37
Tabl e 34

200- Foot Constant Radius — LVSR-TD
22 Ton HGYW and Paved CTIS Setting

Turn Speed Measured Lateral Accel eration
Direction (mph) #5 Axle (Q9)

CcCcw 29.6 0.28

cw 29.5 0. 37
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Tabl e 35

200- Foot Constant Radi us — LVSR-TD FPU Rayden RBU
18 Ton CCGVW and Paved CTIS Setting

Turn Speed Measured Lateral Acceleration
Di rection (mph) #5 Axl e (9)

CCwW 29.7 0.31

cw 28.6 0. 37

Tabl e 36

200- Foot Constant Radius — LVSR-TD FPU Rayden RBU
22 Ton HGYW and Paved CTIS Setting

Turn Speed Measured Lateral Acceleration
Direction (nph) #5 Axle (Q)

Cccw 29.8 0.31

cw 29.0 0. 28

200- Foot Constant Radi us — LVSR-TD FPU Hendri ckson RBU

Tabl e 37

18 Ton CCGVW and Paved CTIS Setting

Turn Speed Measured Lateral Acceleration
Di rection (mph) #5 Axl e (9)

CCwW 29.6 0. 33

cw 28.6 0.28

200- Foot Constant Radi us — LVSR-TD FPU Hendri ckson RBU

Tabl e 38

22 Ton HGYW and Paved CTIS Setting

Turn Speed Measured Lateral Accel eration
Di rection (mph) #5 Axl e (9)

CCwW 29.2 0. 27

cw 28. 2 0.31
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Agai n, using the conputer nodels validated with the above
instrunmentation, the LVSR-TD was optim zed in the nodel and run
over the sanme constant radius event. The suspension and rol
control nmechanism(i.e., roll bar) were optim zed to produce the
best conbination of enpty and | oaded ride quality, enpty and

| oaded shock attenuation (10 inch half-round) and stability
events. Wth the suspension optim zation and steering at the
nunber 5 axle for the Raydan and Hendri ckson RBU confi gurati ons,
all variants were able to exceed the 0.4 g lateral acceleration
threshold at the CG or 34.6 MPH in a 200-foot constant radius
curve before the point of dynamc instability.

14.4.2 Doubl e Lane Change — LVSR Vari ants

Tabl es 39 t hrough 44 show t he maxi num speeds t hat wheel [|ift
first occurred at the nunber 5 axle for the NATO AVTP 03-160
doubl e | ane change event. The nmaxi mum | ateral accel eration at
the nunber 5 axle is shown in Tables 39 through 44 for each
vehicle configuration. The criteria for near end limt for the
physi cal | ane change testing was to slowy increase the speed

t hrough the event until wheel |ift occurred at the nunber 5
axle. The | ane change was then repeated at that speed until the
| ane change was negotiated without hitting the cones marking the
path of the |lane change. Again, this was bel ow the point of
dynam c instability. Once the nodel was validated with the
doubl e | ane change data, the nodeling and simulation environnent
was used to calculate the end limt.

The data is repeated for both directions of travel. In al
cases, the target speed was 45 MPH, in accordance with the draft
Perf ormance Specification requirenents.

Tabl e 39
Doubl e Lane Change — LVSR-TD
18 Ton CCGVW and Paved CTIS Setting

Turn Speed Measured Lateral Accel eration
Direction (mph) #5 Axle (Q)
Wto E 34.6 +0. 43
-0.43
Eto W 35.4 +0. 35
-0. 39
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Tabl e 40

Doubl e Lane Change — LVSR-TD

22 Ton HGYW and Paved CTIS Setting

Turn Speed Measured Lateral Acceleration
Direction (mph) #5 Axle (Q)
Wto E 39.1 +0. 37
-0.28

Tabl e 41

Doubl e Lane Change — LVSR-TD FPU Raydan RBU
18 Ton CCGVW and Paved CTIS Setting

Turn Speed Measured Lateral Accel eration
Direction (mph) #5 Axle (Qg)
Eto W 31.7 +. 30
-.35

Tabl e 42

Doubl e Lane Change — LVSR-TD FPU Raydan RBU
22 Ton HGYW and Paved CTIS Setting

Turn Speed Measured Lateral Accel eration
Direction (mph) #5 Axle (Q)
Eto W 33.6 +. 32
-.39

Tabl e 43

Doubl e Lane Change — LVSR-TD FPU Hendri ckson RBU
18 Ton CCGVW and Paved CTIS Setting

Turn Speed Measured Lateral Acceleration
Direction (nmph) #5 Axle (Qg)
Eto W 39.5 +0. 50
-0.43
Wto E 38.2 +0. 38
-0.28
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Tabl e 44
Doubl e Lane Change — LVSR-TD FPU Hendri ckson RBU
22 Ton HGYW and Paved CTIS Setting

Turn Speed (nph) Measured Lateral Acceleration
Di rection #5 Axl e (9)
Eto W 36.8 +0. 43
-0.35

Agai n, using the conputer nodels validated with the above
instrunmentation, the LVSR-TD was optim zed in the nodel and run
over the same doubl e | ane change event. The suspension and rol
control nmechanism(i.e., roll bar) were optim zed to produce the
best conbination of enpty and | oaded ride quality, enpty and

| oaded shock attenuation (10 inch half-round) and stability
events. Wth the suspension optimzation and steering at the
nunber 5 axle for the Raydan and Hendri ckson RBU confi gurati ons,
the LVSR-TD was able to neet the 45 MPH in NATO AVTP 03-160
doubl e | ane change event at HGYW The Hendrickson hydraulic
suspensi on RBU was able to negotiate the | ane change at 45 MPH
but the results were questionable. G ven eight equally spaced
cones per gate, the vehicle hit four cones in Gate 2 and four
cones in Gate 3. The Raydan air ride RBU simulation predicted
rollover during the transition to the second gate.

14.5 Stability and Handl i ng Concl usi ons

G ven a conbi nati on of physical testing and nodeling and
simulation with a validated nodel, the LVSR-TD net the draft

Per f ormance Specification requirenents for the constant radius
and NATO AVTP 03-160 doubl e | ane change events. The Hendrickson
hydraul i c RBU was questionabl e and the Raydan air ride did not
meet the requirenents.
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